A metallic hybrid structure, consisting of an Inconel-718 matrix and a Co-Cr internal structure, was successfully manufactured using laser direct energy deposition process. Characterizations were performed using energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), neutron-computed tomography (nCT), and electron back-scatter diffraction (EBSD) to verify the interfaces between Co-rich and Ni-rich phases. nCT revealed the internal structures to be continuous without cracking or significant intermixing due to inter-diffusion of Co and Ni (i.e., dissolved boundaries between the two structures). Minor porosity was detected. EBSD confirmed a good bond at the granular level. No precipitate phases were detected with XRD. EDS revealed dilution/intermixing between the Co and Ni interfaces presumably due to melt-pool overlay between the matrix and the internal structures.
I. INTRODUCTION
TODAY'S engineering world design requirements can require components containing two materials to provide the desired performance. Hybrid structures can combine unique attributes of two or more materials; thus, filling a gap in the material property space. [1] Additive Manufacturing (AM) techniques have attracted considerable interest as candidate processing techniques to fabricate hybrid materials. Aside from being able to make complex structures, spatial composition control makes it the perfect candidate for fabricating hybrid structures. This aspect of AM technologies [2] [3] [4] [5] [6] [7] offers more freedom in design and therefore, is more desirable for the manufacture of complex monolithic hybrid structures. [6, 7] Metal matrix composites (MMCs) are a class of hybrid materials, and one of the more commonly used methods of manufacture is powder metallurgy via compaction and sintering. [8] However, this technique is limited to using premixed powders and thus, randomly distributed particles. Moreover, the final part geometry is limited by the conventional sintering methods [9] which might require post-process machining that can be difficult and costly. [4, 10] In recent years, powder AM has been used to make ceramic particle-reinforced MMCs [3] [4] [5] [9] [10] [11] [12] [13] [14] which provide materials with improved wear resistance [10] and mechanical properties (i.e., high specific strength, stiffness, and toughness). [14] Both powder bed [3, 9, 10, 13] and blown-powder [4, 5, 11, 12, 14] techniques have been utilized; using both blended powders [4, [9] [10] [11] 13, 14] or in situ reactions between elemental powders. [3, 5, 12] Use of AM has enabled to make parts out of hard to machine MMCs (e.g., Tungsten Carbide (WC)-reinforced Cobalt (Co) [4, 10] ) in near net shapes that can be used in applications like stamping dies, deep drawing dies, cutting tools.
One of the governing factors in manufacturing MMCs is the interface stability between the phases. Gu et al. [3] have expressed the major challenges to be the unpredictability and/or uncontrollability of the formation of phases and microstructures at the interfaces when in situ depositing MMCs. To mitigate such potential problems, for instance, Zhang et al. [14] have used a strategy to coat the reinforcing TiC particles with Ni in their IN625 matrix composites. Others have controlled detrimental intermetallic formation by fabricating a reinforcement phase with additive techniques and then adding the matrix through spark plasma sintering [15] or centrifugal casting [16] in a two-step process. So far, the current literature has mainly focused on making ceramic particle-reinforced MMCs with AM. While these studies enable the making of more complicated composite geometries and thus, minimize the costly machining of such materials compared to traditional methods, they do not fully utilize the capabilities of AM. For example, the highly site-specific nature of AM can be used not only to tailor microstructure and composition at a local scale, but one could also aim to control the strain path a material takes upon loading. For instance, when a relatively softer material with a high strain hardening rate is dispersed within a harder material which does not strain harden, the loads tend to concentrate on the softer material which strain hardens and then distributes the load to other parts of the sample. This would avoid strain localization in the sample which could result in unprecedented strengths without compromising the ductility.
Blown-powder AM processes, where multiple alloys can be loaded separately into two or more powder hoppers, can lead to a breakthrough in the manufacture of metallic hybrid structures and achieve a paradigm discussed above. This is because they allow site-specific deposition of materials, rather than a uniform distribution, enabling the achievement of smart engineering structures with location-specific properties. Potential applications include but are not limited to load-optimized structural components, self-healing metals, and functionally graded materials. [17] Functionally graded materials have already been achieved with the AM route [2, [17] [18] [19] where the elemental compositions are slowly graded from that of one material to that of another, over a distance.
With the unique advantages of AM, tailored engineering components designed for the task at hand can be obtained which may not be possible with conventional methods. With such structures, the interface stability is of paramount importance as undesirable reactions between the two phases could lead to undesirable effects such as cracking/de-bonding, loss of ductility/strength.
In this proof-of-concept study, we designed, manufactured, and characterized a model metal hybrid structure using the Iron-Nickel-Cobalt (Fe-Ni-Co) alloy system. This system was chosen due to its relative simplicity. Fe-Ni-Co is a completely miscible system which does not form any intermetallic phases. In addition, Co experiences an FCC-to-HCP transformation upon loading and could be used as a load-optimized structure.
Characterizations were performed using X-ray diffraction (XRD), scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) and electron back-scatter diffraction (EBSD), and neutron-computed tomography (nCT). Overall the microstructure and interfaces are visualized for any defects, the possibility of precipitate reactions is investigated, and the feasibility of AM for the manufacture of metal hybrid structures is discussed.
II. EXPERIMENTAL DETAILS

A. Material Selection, Sample Design, and Fabrication
The Fe-Ni-Co system is an isomorphous solution with unlimited solid solubility between the constituent elements thus, reducing the propensity of intermetallic formation. The isopleth of the Fe-Ni-Co system is shown in Fig. A1 (see supplementary material), with a constant Co (20 at. pct) concentration; illustrating that the phase diagram essentially contains no intermetallic compounds.
Due to the non-availability of elemental powders, a Co-Cr alloy and Inconel-718 (IN718) were used to fabricate a composite material. We realize that this route introduces Cr into the Fe-Ni-Co system; however, the Cr in both alloys are in a solid solution and is expected to have a minimal effect, if any. The compositions of the alloys used as well as the base plate are presented in Table I (all compositions are in wt pct).
The metal hybrid model structure was designed around an IN718 matrix (dark gray, Figure 1 (a)) housing 5 interlinked circles of the Co-Cr alloy (light gray, Figure 1 (a)). The interlinked circles provide geometrical complexity and create more internal surface area. The sample was designed in the form of a thin hockey puck with a 49-mm diameter and~2 to 3-mm thickness to facilitate non-destructive characterization, post-manufacture.
The sample was built using a DMD-103D, a commercially available co-axial blown-powder laser (a diode laser operating at 910 nm) deposition technique, at Oak Ridge National Laboratory's (ORNL) Manufacturing Demonstration Facility (MDF). The builds were fabricated on a regular mild carbon steel plate (composition presented in Table I ) as a substrate. A laser power of 400 W, a constant laser travel speed of 600 mm/min with a powder feed rate of 5 g/min, and an average build-layer thickness of 0.5 mm were used during the build. Note that these parameters were not optimized to maximize density and strength of the fabricated part. The alloy powders were loaded into two separate hoppers, and the sample was fabricated by dynamically switching the powder flow from each individual hopper (i.e., at locations with Co-Cr, the IN718 flow was shut down and vice versa).
B. Microstructural Characterization
The XRD measurements were performed using a PANalytical X'Pert Pro Diffractometer with Mo Ka radiation (k = 0.709319 Å ). SEM EDS maps were collected using a Hitachi S3400 SEM with an accelerating voltage of 20 kV.
The nCT measurements were performed at the CG-1D neutron imaging beamline, [20, 21] located at the High Flux Isotope Reactor, ORNL. Here, a CCD camera in a light-tight box is attached to a photo-camera lens. The lens looks indirectly at a LiF/ZnS scintillator, where the radiograph is formed, through a mirror positioned at a 45 deg angle with the neutron beam. Given the strong neutron attenuation of the specimen, a laminography approach was chosen for the scans where the sample was tilted 20 deg with respect to the neutron beam (see Figure 1(c) ). Flat specimens with laterally extended dimensions can be challenging to measure using conventional computed tomography (CT) because projection data cannot be acquired from angles where the object is too thick (high absorption). Neutron laminography is a neutron-computed tomography where the sample's rotation axis is inclined with respect to and toward the beam normal. Drawbacks of the technique are the variation of voxel size throughout the sample and coarser spatial resolution than conventional CT. For these measurements, the L/D ratio was approximately 400 (where L is the distance between the beamline pinhole, of diameter D, and the detector). The nCT scan was measured between 0 and 360 deg (angle x in Figure 1(c)) , with a 0.25 deg step-size and a 32 seconds exposure time for each radiograph.
Given the complex geometry of the laminography scan, simple reconstruction methods such as the filtered back-projection developed in the context of parallel beam systems were not directly applicable. While analytic algorithms exist, [22] they can result in significant artifacts due to the noise in the system and the under-sampling in Fourier space due to the scanning geometry.
[23] Hence, we have developed a model-based iterative reconstruction (MBIR) approach that models the complex geometry and casts the reconstruction as the solution to a regularized inverse problem. MBIR methods have demonstrated dramatic improvements in image quality (noise-resolution performance) for a variety of applications ranging from medical imaging [24] to electron tomography. [25] We note that while the MBIR method produces high-quality reconstructions compared to the traditional algorithms. [22] We do observe some ''under-estimation'' of the attenuation values potentially due to the geometry of the scan and the strong attenuation of the metallic materials. The reconstructed data were visualized using the Dragonfly PRO v.3.0 software for 3D image processing and visualization.
Finally, the EBSD scans were performed using a JEOL 6500F Field Emission Gun-SEM* equipped with an EDAX Apollo Silicon Drift Detector and Hikari EBSD camera. The electron gun was set to an accelerating voltage of 20 kV and tip current of 4 nA for collecting the EBSD data. Data collection was performed using a hexagonal grid on a 1309 lm by 1309 lm area with a 1.5 lm step-size. The post-processing of the collected data was performed using the TSL OIM Analysis software and no additional data clean-ups were performed. 
III. RESULTS AND DISCUSSION
A. Elemental Analysis with EDS
The as-fabricated sample still attached to the build plate is shown in Figure 1(b) . The sample was cut from the base plate using electric discharge machining and metallurgically polished prior to characterization.
EDS elemental maps of Co, Ni, Fe, and Cr obtained from between the outer border of a Co-Cr cylinder and the IN718 matrix (as represented with the red rectangle in Figure 1(a) ) are presented in Figure 2 . Here the four elements are colored differently in their respective maps (blue for Co, yellow for Ni, green for Fe, and red for Cr) and higher color intensities correspond to increased elemental concentration in a given point and vice versa.
The maps were not taken at equal distances from each other; nevertheless, they clearly outline the two zones with distinct Co and Ni, Fe-rich areas. Since Cr is present in both alloys (see Table I ), its elemental map is relatively uniform, although a slight distinction can still be observed (see that the Cr intensities are slightly higher inside the Co-Cr ring). Figure 2 also reveals that the boundaries are not sharp with some inter-diffusion of alloying elements observed at the interfaces. This is expected to occur due to re-melting of the interfaces during the deposition of subsequent lines and/or layers. Based on this, it should be borne in mind that process parameters and materials should be selected appropriately to avoid any unexpected intermediate-phase formation, such as intermetallic compounds, at the interfaces.
B. Phase Identification with XRD
XRD experiments were performed at four different locations (indicated with numbers on Figure 1(a) ) on the metal hybrid sample. Both IN718 and the Co-Cr alloys have FCC crystal structures, and thus, distinctions are expected to be minimal, if any. Also, due to the X-ray beam being 10 mm long, it is expected that in Fig. 2 -EDS elemental maps of Co (blue), Ni (yellow), Fe (green), and Cr (red) obtained from the area within the red rectangle in Fig. 1(a) . Note that the maps are not necessarily obtained at equal step sizes from one end to the other (Color figure online).
several of these scans, peaks from both Co-Cr and IN718 will be registered, i.e., interface regions will be included.
In Figure 3 , all the patterns show a single FCC phase with very similar lattice parameters (ranging from a = 3.613 to 3.621 Å ). Even though the two phases are indistinguishable from each other with X-rays, no secondary phases indicating the presence of precipitates were identified. This agrees well with the Fe-Ni-Co system being an isomorphous solution with unlimited solid solubility between the constituent elements, and very low expectancy of intermetallic phase formation.
C. Investigation of Internal Structures with nCT and EBSD
Structural integrity and continuity of the embedded structures throughout the deposited layers could be considered as one of the governing factors for the applicability of metallic hybrid materials to real-world engineering applications. Attenuation-based nCT provides the capability to non-destructively visualize the sample in 3-dimensions, which allows to evaluate the structural soundness of the components. In this case, contrast is provided by the difference in neutron attenuation cross-sections between IN718 and Co-Cr, with Co being a stronger neutron absorber as compared to Ni, Fe, or Cr.
The resulting nCT-reconstructed data are presented in Figure 4 . Figure 4 (a) shows a 3D transmission-based rendered volume of the whole metal hybrid structure, whereas the internal Co-Cr ring structure is visible in Figure 4 (b) by histogram-based segmentation (i.e., the removal of the surrounding IN718). The top ring (indicated with the red arrow in b) is observed at higher magnification in Figure 4 (c). In Figure 4 (a) through (c), aluminum tapes, used to keep the sample in place during measurement, are visible on the corners (due to the presence of hydrogen-a strong neutron scatterer). Scale bars are not presented in the 3D images as dimensions can be highly viewing-angle dependent. The reader is referred to the 2D slices for scales. Finally, Figure 4 
While the as-printed geometry agrees with the CAD model, the interfaces of the internal structure show some roughness. The magnified view, presented in Figure 4 (c), shows the non-uniformities along the interfaces in more detail. This agrees well with the macroscopic melt lines seen in Figure 1(b) and the inter-diffusion observed in the EDS maps, as seen in Figure 2 . However, this is not necessarily detrimental, except for cases where strict tolerances may be required, because the rough edges can also provide a more interlocked boundary.
Overall, the Co-Cr internal structure is found to be continuous through the thickness of the hybrid component without structural discontinuities such as cracks or dissolved boundaries.
The 2D slices, presented in Figure 4 (d), show the continuity of the metal hybrid structure through the build layers. While some porosity is observed, it remains at a level where it can be eliminated with post-build hot isostatic pressing (HIP) treatment. The measured pore sizes varied from~125 to~592 lm (typically the larger voids observed on the Co-Cr ring boundaries); bearing in mind that the resolution of neutron tomography for conventional imaging is limited to approximately 100 lm (with laminography being expected to be slightly lower in resolution). Overall and most importantly, no discontinuities, separation between the interfaces and cracks were observed; a structurally sound part was made.
To further investigate the bonding between the Co-Cr rings and the IN718 matrix, an Inverse Pole Figure Map (IPF) from around a boundary was collected using EBSD, see Figure 5 . The Co-Cr and IN718 sides are marked in Figure 5 along with an approximate location of the boundary indicated with yellow arrows.
As stated in Section II-A, the Co-Cr and IN718 alloys have unlimited solid solubility between each other and both have the FCC crystal structures (as shown in Section III-B). Accordingly, no obvious phase boundary could be observed in the micrograph. The fact that a distinct boundary line could not be detected at the granular level suggests a good bond in agreement with the nCT results. As expected, based on the nCT results, porosity was detected along the boundary and the pore sizes fall within the suggested range obtained from the nCT data.
In conclusion, a novel concept to achieve metallic hybrid structures and the options for characterization are successfully demonstrated in this study. Hybrid structures can open new frontiers for scientists and engineers and their applicability may be enhanced by selecting compatible alloys. With completely miscible alloys, complications from precipitation reactions are not expected. On the other hand, certain alloy combinations can lead to precipitation reactions to occur at the phase boundaries. While the structure can benefit from the formation of strengthening precipitates, detrimental phases may also occur. Thus, careful study of phase fields and stability must be exercised when choosing alloy combination. Of further warrant is the Fig. 3 -XRD patterns obtained from the locations 1 to 4 indicated in Fig. 1(a) . mismatch in the coefficient of thermal expansion (CTE) as too high of a mismatch can lead to high thermal residual stresses and to eventual part failure.
IV. SUMMARY
In this proof-of-concept study, the feasibility of making metallic hybrid materials with blown-powder additive manufacturing is demonstrated in an Fe-NiCo-based alloy system. Five interlinked Co-Cr hollow cylinders were deposited in an IN718 matrix, forming a complex geometry.
X-ray diffraction from various locations showed only single-phase regions suggesting that no adverse precipitation reactions took place between the two alloys. SEM with EDS showed a detailed view of the border between a Co-Cr cylinder and the IN718 matrix. Although some elemental inter-diffusion was observed near the boundaries; there was not a high amount of intermixing to the point that boundaries became non-distinct.
Neutron-computed tomography has revealed the structure to be continuous through thickness, i.e., the build direction. Jagged interfaces between the matrix and the internal structure were observed in agreement with the EDS results. Most importantly the interfaces were found to be stable without cracking or de-bonding. A relatively small level of porosity was observed that can be eliminated with post-process HIPing.
Electron back-scatter diffraction also revealed the structure to be continuous at the granular level where no obvious boundary could be observed between the Co-Cr rings and the IN718 matrix; indicating a good bonding. Although not perfected, the versatility of AM in making metal hybrid structures with site-specific material control is demonstrated. Today no other metal-forming technology holds equivalent promise for the manufacture of such intricate components. A better control of the build parameters along with appropriate alloy selection could enable better defined borders between the phases. The findings of the work are expected to act as a stepping stone for achieving more complex hybrid structures.
